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We present low temperature magneto-photoluminescence experiments which demonstrate the
brightening of dark excitons by an in-plane magnetic field B applied to monolayers of different
semiconducting transition metal dichalcogenides. For both WSe2 and WS2 monolayers, the dark
exciton emission is observed at ∼50 meV below the bright exciton peak and displays a characteris-
tic doublet structure which intensity is growing with B2, while no magnetic field induced emission
peaks appear for MoSe2 monolayer. Our experiments also show that the MoS2 monolayer has a
dark exciton ground state with a dark-bright exciton splitting energy of ∼100 meV.
I. INTRODUCTION
Monolayers (MLs) of semiconducting transition metal
dichalcogenides (S-TMDs) MX2 where M=Mo or W and
X=S, Se or Te, are direct band gap semiconductors [1]
with the minima (maxima) of conduction (valence) band
located at the inequivalent K+ and K− points of their
hexagonal Brillouin zone (BZ). These two-dimensional
semiconductors host tightly bound excitons with uncon-
ventional properties such as binding energies as large as
few hundreds of meV and non Rydberg excitation spec-
trum [2–4]. The lack of inversion symmetry together with
the strong spin-orbit interaction lift the degeneracy be-
tween spin levels in the conduction (CB) and valence
(VB) bands at the K+ and K− points related by time
reversal symmetry. The spin-orbit interaction leads to
well separated spin subbands in each valley and to the
possibility of initializing a defined valley population with
circularly polarized optical excitation [5–8] or generation
of valley coherence [9, 10]. The spin-orbit splitting ∆so,vb
in the valence is as large as few hundreds of meV [3, 11–
22] while its counterpart in the conduction band ∆so,cb
is predicted to be of the order of few tens of meV only.
What is however important is that ∆so,cb can be posi-
tive or negative [23, 24] and in consequence, two distinct
ordering of the spin orbit split CB subbands are feasi-
ble [25–27].
Because optical transitions in S-TMDs do conserve the
spin, different orderings of electronic bands in the con-
duction band have profound consequences on their op-
tical properties. Depending on the sign of ∆so,cb, the
excitonic ground state can be bright (parallel spin con-
figuration for the top VB and the lowest CB subbands
between which the optical transition is allowed) or dark
(anti-parallel spin configuration and optically forbidden
ground state interband transition). The ordering of the
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electronic bands, characteristic for these two monolayer
families, referred to as bright and darkish ones, are il-
lustrated in Fig. 1(a). Theoretical studies [25–27] indeed
predict that monolayers of MoSe2 and of MoTe2 should
be bright (∆so,cb>0 to set a convention) while WSe2 and
WS2 monolayers are darkish (∆so,cb<0). Yet, there is
no general consensus concerning the bright of darkish
character of a MoS2 monolayer. The theoretical works
reported in Refs 26, 27 classify the MoS2 monolayer as
a bright system: ∆so,cb>0 but as small as 3 meV. In-
stead, another theoretical study [28] indicates that MoS2
monolayers are rather darkish (∆so,cb ∼ −40meV ).
A detailed knowledge of the exciton fine structure is
crucial for S-TMD based optoelectronic devices and for
valleytronic applications, as i) optical properties strongly
depend on the type of excitonic ground state, and ii) scat-
tering mechanisms, and in particular intervalley scatter-
ing mechanisms, can have much different efficiencies for
bright and dark excitons [29, 30]. On the experimen-
tal point of view, recent optical studies of WSe2 have
shown that the temperature dependence of its PL inten-
sity is consistent with a dark excitonic ground state and
the dark-bright exciton splitting of about 30 meV has
been experimentally estimated from temperature activa-
tion type analysis [31–33].
Magnetic fields, applied in an adequate configuration
with respect to a crystal axis, can mix electronic wave
functions and thus the excitonic states which are built
out of these wave functions. This effect triggered the
spectroscopy of optically dark excitons in a large variety
of condensed matter systems, ranging from bulk semi-
conductors [34], semiconductor quantum dots [35, 36],
to single wall carbon nanotubes [37, 38]. One expects
that also in monolayers of S-TMDs, the in-plane mag-
netic field acts as a perturbation to the system’s Hamil-
tonian, mixing the two lowest spin levels in the CB and
hence, the bright excitons giving some optical activity to
the initially dark excitonic states [39].
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2FIG. 1. (a) Diagram of relevant subbands in the CB and VB at the K+ and K− points of the BZ in the bright and darkish
monolayers of S-TMDs. The orange (green) curves indicate the spin-up (spin-down) subbands. The red and blue wavy lines
show the A exciton transitions which are optically active. ∆so,cb denotes the spin-orbit splitting in the conduction band. (b)
Schematic representation of the experimental configuration for magneto-PL measurements in Voigt configuration.
In this paper, we provide a direct measurement of the
dark exciton emission in darkish monolayers of S-TMDs
by mixing the spin levels of bright and dark excitons by
an in-plane magnetic field. Dark excitons appear in the
low temperature magneto-photoluminescence (PL) spec-
tra as clear features growing with the magnetic field at
energies lower than that of the bright exciton. This
observation gives a direct access to the values of dark-
bright exciton splitting in WSe2 and WS2 monolayers. In
the case of MoSe2, no significant change in the emission
spectrum is observed when applying a magnetic field, in
agreement with its bright exciton ground state. MoS2 is
shown to belong to the family of darkish materials with a
dark-bright splitting energy close to 100 meV. The emis-
sion intensity of dark excitons increases as B2, in accor-
dance with their perturbative activation by the in-plane
magnetic field.
II. THEORETICAL BACKGROUND
To examine the band edge interband transitions in S-
TMD monolayers we consider the top VB and two spin-
orbit split CB subbands [see Fig. 1(a)]. Associated with
these subbands and relevant for our considerations are
intravalley interband transitions (intravalley A excitons)
which involve the states from the the same K+ or K−
valley. Four types of intravalley A excitons can be dis-
tinguished and labelled according to their valley τ = ±
and CB spin scb =↑, ↓ indices (the VB spin index, svb is
fixed to svb =↑ in K+ valley and svb =↓ in K− valley).
The configurations with svb = scb =↑ from the K+ val-
ley and svb = scb =↓ from the K− valley correspond to
optically active, bright A excitons, referred to as |τ,b〉.
The configurations with svb =↑, scb =↓ from the K+ val-
ley and svb =↓, scb =↑ from the K− valley correspond to
optically inactive, dark A excitons, refereed to as |τ,d〉.
The ground state of bright (darkish) S-TMD monolay-
ers is then formed from bright (dark) A excitons. Because
these quasi-particles differ from each other by their spin
configuration in the CB, spin-flip processes in the CB can
make the dark states optically active and can allow for
investigations of the ground state of darkish materials.
A magnetic field B = (Bx, By), applied along the
plane of a S-TMD monolayer, mixes the spin states
in the CB and VB via the Zeeman interaction. Since
∆so,vb  ∆so,cb, the spin-mixing in the VB can be ne-
glected. The Zeeman term acting on the CB states can
be expressed as:
HZ =
1
2
gcbµB(σxBx + σyBy) (1)
Here gcb is the in-plane gyromagnetic ratio for the CB,
µB is the Bohr magneton and σx,y are the Pauli matrices
in the CB spin subspace. The in-plane magnetic field
results in the mixing of the dark and bright excitons. It
can be described by an effective 2×2 Hamiltonian in the
basis of {|τ,b〉, |τ,d〉}, obtained by the projection of spin
states of the CB, mixed by the magnetic field, on the
exciton states
Hτex =
[
Eb
1
2gcbµBB−τ
1
2gcbµBBτ Ed
]
. (2)
Here we introduced B± = Bx±iBy. Eb and Ed are the
energies of the bright and dark excitons in the absence
of an external magnetic field, Ed − Eb = ∆so,cb. The
application of the in-plane magnetic field does not lift
the double degeneracy of each dark and bright exciton
states as Hτex does not depend on valley index τ .
Assuming that the Zeeman term gives a small correc-
tion to the basic exciton states, we obtain the mixed
eigenstates up to second order in magnetic field:
|τ,b〉mix= |τ,b〉
1 + w/2
− gcbµBBτ
2∆so,cb
|τ,d〉, (3)
3|τ,d〉mix= |τ,d〉
1 + w/2
+
gcbµBB−τ
2∆so,cb
|τ,b〉. (4)
Here w = g2cbµ
2
BB
2/(4∆2so,cb)  1. Their eigenener-
gies are very close to the energies of the dark and bright
excitons (the correction is ∝ w∆so,cb).
The admixture of bright states to the dark exciton
state makes the latter resonance to be possibly observed
in the PL spectra when the in-plane magnetic field is ap-
plied to the layer. The intensity Id of such a PL line
can be expected to be proportional to the fraction w of
bright exciton in the corresponding mixed state and to
the population nd of dark excitons:
Id = ndIbw ∝ ndIbB2, (5)
where Ib is the intensity of the pure bright exciton
state emission in the absence of the magnetic field. With
available magnetic fields, the factor w remains rather
small and dark excitons can hardly be observed in ab-
sorption experiments. We note two different situations.
i) For bright materials, such as MoSe2 or MoTe2, the
energy of dark excitons is larger than the energy of the
bright ones. Therefore, at low temperatures, the popula-
tion of dark excitons is suppressed by a Boltzmann factor
exp(−∆so,cb/kBT ) and optical transitions are mainly due
to low-lying bright exciton states. In this case the obser-
vation of dark excitons at low temperature is extremely
unlikely. ii) For darkish materials, such as WSe2 or WS2,
the situation is opposite and the direct observation of
dark excitons is possible.
So far we have considered the A excitons formed by
the direct electron-hole Coulomb interaction and have
not included effects of the exchange part of the Coulomb
interaction. The exchange interaction is expected to lift
the double valley degeneracy of dark intravalley A exci-
tons due to the presence of a transition dipole moment
perpendicular to the monolayer plane, absent for bright
excitons [39, 40]. This degeneracy lifting can be viewed
as a local-field effect due to the out-of-plane transition
dipole moment of spin-forbidden dark excitons. It is
analogous to the exchange energy shift of the Z-excitons
in semiconductor quantum wells [41, 42]. The result-
ing energy splitting between the two spin-forbidden dark
exciton components in S-TMD monolayers was roughly
estimated in Ref. 39 to be about 10 meV; a more precise,
microscopic calculation of this splitting is still lacking, to
the best of our knowledge. The discussed above effects
of the in-plane magnetic field are equally valid for each
component of the expected doublet structure of dark ex-
citons in S-TMD monolayers.
III. EXPERIMENTAL RESULTS AND
DISCUSSION
Monolayers of S-TMDs have been prepared by me-
chanical exfoliation of bulk crystals purchased from HQ
Graphene. Initially, the flakes were exfoliated onto a
polydimethylsiloxane (PDMS) stamp attached to a glass
plate. MLs of S-TMDs were then identified by their opti-
cal contrast and cross-checked by Raman scattering and
PL measurements at room temperature. In order to de-
posit them on target Si/SiO2(320 nm) substrates, an all-
dry PDMS-based transfer method similar to the one de-
scribed in Ref. 43 was employed.
Low temperature magneto-PL experiments were per-
formed in the Voigt configuration [see Fig. 1(b)] using
an optical-fiber-based insert placed in a superconduct-
ing magnet producing magnetic fields up to 14 T. The
samples were placed on top of a x-y-z piezo-stage kept in
gaseous helium at T = 4.2 K. The light from a semicon-
ductor diode laser (λ=515 nm) was coupled to an opti-
cal fiber with a core of 50 µm diameter and focused on
the sample by an aspheric lens (spot diameter around
10 µm). PL signals were collected by the same lens, in-
jected into a second optical fiber of the same diameter,
and analyzed by a 0.5 m long monochromator equipped
with a charge-couple-device (CCD) camera.
To investigate the effect of an in-plane magnetic field
on the PL signal of S-TMD monolayers, we measured the
evolution of the low temperature (T = 4.2 K) PL spectra
of the WSe2, WS2, MoSe2, and MoS2 MLs in the Voigt
configuration as a function of an external magnetic field
up to B = 14 T. The obtained spectra at B = 0 and at
B = 14 T are presented in the upper panels of Fig. 2.
The zero-field PL spectra of all our monolayers display
two characteristic emission features, labelled A and T,
which are associated with recombination of the neutral
[an electron-hole (eh) pair] and charged [an eh pair + an
extra carrier (electron or hole)] excitons formed at the K±
points of the BZ [9, 30, 31, 44–50]. In the case of WSe2,
WS2, and also of MoS2, additional features are apparent
in the PL spectra in the form of a series of emission lines
(WSe2 and WS2) or a broad band (MoS2), at energies
below the A exciton energy and overlapping with the
T peak. These additional lines have been attributed in
the literature to the so-called localized/bound or defect-
related excitons [9, 30, 31, 44–46].
We start with the analysis of the results obtained for
the tungsten-based family, i.e. WSe2 and WS2 MLs, as
both of them are rather firmly predicted to belong to
the family of darkish monolayers [25–27]. The zero-field
PL spectra, apart the A and T peaks, consist of several
overlapping emission lines on the lower energy side of the
spectrum [upper panels of Fig. 2(a) and (b)]. We show in
Fig. 2(a) and (b) that the application of a magnetic field
in the plane of these monolayers strongly affects their PL
spectra at energies 50−60 meV below the A exciton line.
To better visualize the effects of magnetic fields and com-
pare the results obtained for different materials, we define
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FIG. 2. (upper panels) PL spectra of (a) WSe2, (b) WS2, (c) MoSe2, and (d) MoS2 monolayers at T = 4.2 K measured at
zero field (red curves) and at B = 14 T (blue curves) applied in the plane of the crystal. The PL spectra were normalized to
the intensity of the A exciton line. (lower panels) Corresponding relative intensities of the monolayers defined as (PL
B=14 T -
PL
B=0 T)/PLB=0 T are represented by black dots. The orange and green curves indicate Gaussians fits of the data.
a relative spectrum as (PLB 6=0 - PLB=0)/PLB=0. Such
relative intensity spectra for B = 14 T are presented in
the lower panels of Fig. 2(a) and (b). For WSe2 and WS2
MLs, these spectra are composed of two peaks, labelled
D1 and D2, which appear on the lower energy side of
the bright A exciton. In agreement with our theoretical
arguments, these two peaks are assigned to the magnetic-
field induced emission due to dark excitons. The higher
energy peak, D1, emerges about 47 meV below the A ex-
citon line for both members of the tungsten-based family.
The energy separation between the D1 and D2 peaks is
14 meV for WSe2 monolayer and 23 meV for the WS2
monolayer.
To analyze further the data, we fitted the D1 and D2
features using two Gaussian functions [see lower panels
of Fig. 2 (a) and (b)]. In the whole range of investi-
gated magnetic fields, the energy and the full width at
half maximum (FWHM) of the two D1 and D2 peaks
are constant. The brightening of these dark excitons is
evidenced by the quadratic evolution of the integrated in-
5tensity of these peaks as a function of the magnetic field
(∼ αB2, where α is a fitting parameter). This behavior
is presented in Fig. 3 and is in agreement with the ar-
guments presented in the preceding section (Eq. 5). Im-
portant here is the observed B2 dependence and not the
precise rates of increase of the two D lines, which appar-
ent values are affected by the chosen normalization of the
relative spectra. We consider that the energy difference
between the bright A exciton peak and the dark D1 exci-
ton peaks corresponds well to the theoretical predictions
of the ∆so,cb magnitude [25–27]. Note that the values
for ∆so,cb calculated in Ref. 25–27 do not include the
electron-hole Coulomb effects, which obviously affect the
interband transition energies but can also significantly
influence the apparent bright-dark exciton splitting due
to electron-hole exchange effects.
An MoSe2 monolayer is predicted to belong to the fam-
ily of bright S-TMDs. Its zero-field PL spectra is rather
simple (and similar to that observed for MoTe2 monolay-
ers [51]). It is composed of only two A and T features
[see Fig. 2(c)][47–49]. When a magnetic field is applied in
the direction along the plane of the layer, no significant
changes of the PL spectra are observed. In particular,
there are no additional growing structures on the high
energy side of the A exciton line, where the dark exciton
emission could be expected according to the band order-
ing at the K± points [see Fig. 1(a)]. The dark exciton
emission can not be detected with our experimental con-
ditions as a result of the fast relaxation of carriers to the
lowest energy state which is a bright exciton. The only
field induced effect observed in the magneto-PL spectra
of the MoSe2 monolayer is a small decrease in the in-
tensity of the T-peak [see lower panel of Fig. 2(c)]. The
origin of this field induced suppression of the trion emis-
sion is not clear for us and calls for a possible theoretical
explanation, thought one may speculate that it reflects
an influence of the magnetic field on the formation of the
charged excitons in a MoSe2 monolayer through a mixing
of the spin split bands in both valleys.
Existing models describing the band ordering for MoS2
monolayer largely predict a positive, thought small,
∼ 3 meV value for ∆so,cb [25–27], thus placing MoS2 in
the family of bright materials. Recently, however, a nega-
tive dark-bright exciton splitting has been predicted [28]
with a value close to −40 meV. By comparing the PL
spectra measured at zero magnetic field for the different
materials presented in this study (Fig. 2), the low tem-
perature PL spectrum of MoS2 resembles more the one
observed for WS2 and WSe2 than the one of MoSe2 or
of MoTe2 [51]. In similarity to the low temperature PL
spectra of darkish monolayers, the spectrum of MoS2 also
displays a significantly broad emission band at energies
lower than that of the A exciton [see Fig. 2(d)]. The ob-
servation of either a well defined two peaks PL spectrum
arising from the A and T excitons or an additional broad
band associated with localized/bound excitons [6, 50],
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FIG. 3. Magnetic-field dependence of the intensities of dark
exciton lines (D1, D2, and D) obtained on WSe2, WS2, and
MoS2 monolayers.
appears to be characteristic of the two families of bright
or darkish S-TMD monolayers. The presence of emis-
sion due to localized/bound excitons in the low temper-
ature B = 0 PL of darkish monolayers and not in the
bright ones could be due to the appearance of long-lived
reservoir of dark excitons in the former systems, which
then effectively diffuse and/or relax towards other possi-
ble radiative centers. Similar relaxation processes can be
largely suppressed in bright monolayers, as the ground
state excitons in these systems already represent the ef-
fective recombination channel. Following this logic, the
ground state exciton should be dark in the MoS2 mono-
layer.
The darkish character of the MoS2 monolayer is con-
firmed by our magneto-PL study as indeed the in-plane
magnetic field has a dramatic effect on the PL spectrum
of this monolayer. The relative intensity spectrum dis-
played in the lower panel of Fig. 2(d) shows a rather
single but broad peak, labelled D, which is centered at
about 97 meV below the A exciton line of MoS2. Even
though all observed PL peaks are much broader in our
MoS2 monolayer than in other studied materials, we have
performed the same analysis as for the other materials.
Similarly to the case of WS2 and WSe2 monolayers, the
6shape (width and center position) of the relative spec-
trum of the MoS2 monolayer remain field independent
but its amplitude increases quadratically, ∼ αB2, with
the magnetic field [see Fig. 3]. This result confirm placing
the MoS2 in the family of darkish S-TMD with a dark-
bright exciton splitting twice bigger than that found in
WS2 or in WSe2.
IV. CONCLUSIONS
To conclude, we have presented the experimental in-
vestigations supported by the theoretical consideration
of the effect of brightening of dark excitons in S-TMD
monolayers induced by the application of a magnetic field
in the direction along the plane of the layer. Field in-
duced emission due to dark excitons can be observed at
low temperatures in S-TMD monolayers for which the
dark excitons are lower in energy than the bright exci-
tons. Emission intensities of dark excitons grow quadrat-
ically with the strength of the in-plane magnetic field.
These results lead us to establish the WS2, WSe2 and
MoS2 monolayer as darkish materials, i.e., the direct
bandgap systems but with a dark excitonic ground state,
and monolayers of MoSe2 as a bright materials with a
bright exciton ground state. The bright-dark exciton
splitting is found to be of about 50 meV in WS2 and
WSe2 monolayers in fair agreement with theoretical ex-
pectations [25–27], but its value derived for the MoS2
monolayer is surprisingly large [28]. The characteristic
doublet structure of dark excitons has been observed for
WS2, WSe2 monolayers, along the lines of the recent the-
oretical proposal [39]. Different ordering of the spin-orbit
split subbands in the conduction band for two, bright and
darkish TMD families, is also speculated to be reflected
in the B = 0 low temperature PL spectra: bright mono-
layers show a simple emission due to exciton and trions,
the darkish ones display an additional broad/multipeak
emission band due to localised/bound excitons.
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